Body temperature drops dramatically during hibernation, but the heart retains 2 the ability to contract and is resistant to induction of arrhythmia. Although adaptive 3 changes in the heart prior to hibernation may be involved in the cold-resistant property, 4 it remains unclear whether these changes are sufficient for maintaining cardiac 5 pulsatility under an extreme hypothermic condition. We forcibly induced hypothermia 6 in Syrian hamsters by pentobarbital anesthesia combined with cooling of the animals. 7
Introduction 1
Some rodents undergo hibernation to survive a severe environment during 2 winter. During hibernation they regulate their body temperature down to only a few 3 degrees above ambient temperature to save in energy expenditure (6, 10). Circulation 4 and respiration are also well regulated in hibernating animals but are suppressed at 5 much lower rates than these in euthermic counterparts (14, 23, 26 ). Furthermore, 6 mammalian hibernators exhibit remarkable cardiac resistance to low body temperature 7 (17), whereas non-hibernating mammals develop ventricular dysfunction and 8 arrhythmias such as atrioventricular block and ventricular fibrillation (22, 34) . 9
Cardiac myocytes of hibernating mammals are characterized by a reduced 10 activity of L-type Ca expression of functional proteins related to contractility (e.g., myosin heavy chain-, 18 ventricular myosin light chain, troponin C) and proteins involved in synchronous 19 contraction (e.g., connexin43) can be upregulated or downregulated appropriately in 20 hibernating animals (3, 9, 31). Importantly, the onset of these changes precedes the 21 onset of hibernation (18, 31), indicating that these changes in gene expression and 22 enter hibernation within a week. 1
To examine whether extreme hypothermia can also be induced in a 2 non-hibernator or not, male Wister rats with or without cold acclimation were used. 3
The protocol giving cold acclimation for rats was same as that used in hamsters. Rats 4
were kept under a constantly darkened cold (2 ºC) room and acclimated to this 5 condition for 2 months and then each rat was housed in an individual cage prior to 6 experiments.
The procedure for the induction of hypothermia was the same as that 7
for hamsters, but a lower dose of pentobarbital (50 mg/kg, i.p.) was given to rats 8 because the dose suitable for hamsters (80 mg/kg) is lethal for rats. 9
Measurement of body temperature 11
Body temperature was monitored using a telemetry system (DAS-5002; 12
BioMedic Data Systems Inc, Seaford, DE, USA). The transmitter (IPTT TM -200; 13 BioMedic Data Systems Inc) used for measuring body temperature was implanted 14 subcutaneously between scapulas. This system enabled measurement of body 15 temperature without giving any noise on ECG recording. The transmitter is certified 16 in its use above 30 ºC, but in our preliminary experiment the body temperature 17 measured by this transmitter was comparable to that by a rectal thermometer even 18 below 30 ºC. 19 needle electrodes placed across the chest with a ground electrode placed at one hindlimb. 1
In contrast to the standard limb lead, the method employed in the present study is 2 inadequate for analyzing amplitudes of ECG waves, but the rhythmicity of the 3 heartbeats can be properly analyzed. The signal was amplified and displayed on a 4 recorder (M1117A; Hewlett Packard, Palo Alto, CA, USA). After recordings of ECG 5 during the hypothermic conditions, all animals were transferred to a warm room kept at 6 24 ºC and warmed by using a heating blanket (Homeothermic blanket system, Harvard 7 apparatus, Holliston, MA, USA) to allow recovery of body temperature. 8 9
Data analysis 10
All values are expressed as means ± SD. Statistical differences between the 11 groups were determined by analysis of variance (ANOVA) followed by Fisher's test. 12 P<0.01 was considered significant. 13
Results

16
ECG of hibernating hamsters in summer and winter 17
Hibernation, as judged by disappearance of locomotor activity, lowered body 18 temperature and reduced respiratory rate for more than 24 hours, was successfully 19 induced both in summer and winter. The average body temperatures of hibernating 20 hamsters in summer and winter were comparable (5.0 ± 0.9 ºC and 5.5 ± 0.3 ºC, 21 respectively). The ECG tracings recorded from these animals were similar (Fig. 1 ).
Periodic cycles of heartbeats were recorded on ECG in hibernating hamsters both in 1 summer and winter, although the heart rates were much lower than those in 2 non-hibernating animals (Table 1) . A detailed analysis of ECG recordings showed that 3 P-Q intervals and duration of QRS complex in hibernating hamsters were extended 4 compared with those in non-hibernating animals ( Table 1 ). There was no seasonal 5 difference in these parameters. Abnormal ECGs related to conduction block (e.g., 6
P-wave lacking corresponding QRS complex), arrhythmia or other forms of ectopy 7
were not observed in either season. 8
9
ECG during the artificial hypothermia induced by pentobarbital and cooling 10
We then addressed the question of whether maintenance of cardiac pulsatility 11 under an extreme hypothermic condition depends on the natural ability of hamster 12 hearts or whether it is achieved by some specific mechanisms that operate during 13 hibernation. To reduce body temperature forcibly, hamsters without acclimatization to 14 a cold and darkened environment were anesthetized with sodium pentobarbital (80 15 mg/kg, i.p.) and cooled in a refrigerator (2 ºC). This procedure reduced body 16 temperature to less than 10 ºC, a level comparable to that in hibernating animals, within 17 3 hours. The values of ECG parameters during this hypothermia show no significant 18 differences to those during hibernation (Table 1) . However, atrioventricular block 19 occurred in 90% of the hypothermic animals ( Fig. 2) , which hindered analysis of P-Q 20 interval in this group of animals. Furthermore, an abnormal ECG wave called J-wave 21 or Osborne wave was clearly observed in all recordings during hypothermia induced by 22 pentobarbital administration and cooling (Fig. 2) . 1
We then applied the same procedure for induction of artificial hypothermia in 2 rats. As body temperature decreased, heart rates of the rats consistently dropped. 3
However, in contrast to hamsters, rats showed cardiac arrest when their body 4 temperature fell below 20 ºC (data not shown). Acclimatization to a cold and 5 darkened environment had no effect on the hypothermia-induced cardiac arrest in rats. 6
7
ECG during artificial hypothermia in acclimatized hamsters 8
To determine whether the adaptive changes are sufficient for the heart to 9 acquire cold-resistant ability, artificial hypothermia was induced in hamsters acclimated 10 to a cold and darkened environment. The hamsters used in this experiment were 11 selected from a colony in which some animals had begun to hibernate and therefore 12 assumed to have completed adaptive changes. Nevertheless, signs of atrioventricular 13 block and J-wave were recorded on their ECGs (Fig. 3A) . 14 We then induced artificial hypothermia in hamsters that had already 15 experienced hibernation. Since hamsters under successful hibernation were forcibly 16 aroused by gentle touching and warming and used within a few hours, it can be assumed 17 that the animals had completed all of the required adaptations. Even in those hamsters, 18 ECG recordings showed the presence of atrioventricular block. J-waves were also 19 observed as in the case of unacclimated animals (Fig. 3B) . 20
To examine the possibility that the abnormal ECG observed in artificial 1 hypothermia (Fig. 2) is due to unexpected effects of pentobarbital, we injected 2 hibernating hamsters with anesthetic. As shown in Fig. 4 , injection of pentobarbital to 3 the hibernating hamster did not cause atrioventricular block or J-wave generation. The 4
ECG was recorded about 3 hours after pentobarbital injection to fit the time-course with 5 the recording time point in the artificial hypothermia. 6 7
ECG during hypothermia induced by CHA 8
It has been demonstrated that activation of the adenosine A1-receptor is 9 important for the generation of hypothermia in the entrance phase of hibernation (35). 10
We therefore tried to produce a hibernation-like hypothermia by intracerebroventricular 11 injection of an adenosine A1-receptor agonist, CHA. Administration of CHA into the 12 lateral ventricle followed by cooling the hamsters in a refrigerator (2 ºC) resulted in 13 extreme hypothermia. P-waves appeared periodically and each of them was 14 accompanied by QRS complex in a constant position (Fig. 5) . The values of ECG 15 parameters were not significantly different from those of hibernating hamsters (Table 1) . 16
Atrioventricular block in CHA-induced hypothermia was observed only in one of the 17 six animals despite the fact that the hamsters injected with CHA had not undergone 18 acclimatization for cold and darkness. 19
To determine whether abnormal ECG observed in artificial hypothermia 1 induced by pentobarbital anesthesia and subsequent cooling is reversible, the hamsters 2 were allowed to recover. In contrast to natural hibernation, from which all hamsters 3 were successfully aroused, 8 of the 10 unacclimatized and 7 of the 10 acclimatized 4 animals failed to recover from the artificial hypothermia even though they were warmed 5 up. The mean time until cardiac arrest from pentobarbital administration was 326 ± 40 6 minutes. In some cases in which arousal succeeded, J-wave, which developed during 7 extreme hypothermia, was still observed on the ECG (Fig. 6B ). This was in contrast to 8 hamsters that recovered from hibernation, in which no abnormal sign was recorded on 9 ECG (Fig. 6A) . 10 11 12
Discussion 13
It is well known that seasonal hibernators, e.g., Spermophilus richardsonii and 14
Tamias sibiricus asiatics, rarely hibernate in summer even if they are placed in a cold (4 15 ºC) condition (19). This indicates that the endogenous circannual rhythm plays a 16 critical role in the induction of hibernation in seasonal hibernators. In contrast, 17 hamsters hibernated even in summer when they were placed in a condition suitable for 18 induction of hibernation. We failed to find any differences between the hibernation in 19 summer and that in winter, at least in the parameters examined in this study (Table 1) . 20
Therefore, the endogenous circannual rhythm might only have a minor contribution, if 21 any, to the induction of hibernation in this species. It should be noted, however, thatthe present study does not necessarily rule out the possibility of involvement of the 1 circannual rhythm in the induction of hibernation in hamsters. It may be appropriate to 2 consider that the relative importance of endogenous and environmental factors varies 3 among species and that this variation is a determinant for seasonal or non-seasonal 4 hibernators. 5
Cardiac contractility was maintained in the hamsters in which extreme 6 hypothermia has been forcibly induced by pentobarbital and cooling (Fig. 2) . This is 7 in sharp contrast to nonhibernators, in which cardiac arrest is usually induced at a low 8 temperature (5, 8, 15). In fact, our procedure for inducing artificial hypothermia in 9 hamsters was lethal in rats. Therefore, an ability to maintain cardiac contractility 10 under an extreme hypothermic condition can be recognized as an inherent feature of 11 hibernators. However, appropriate cardiac pulsatility under extreme hypothermia may 12 not totally depend on the inherent ability of hibernators as discussed below. 13
It has been reported that atrial arrhythmias are occasionally observed in the 14 entrance phase of natural hibernation (26). Heart rate is significantly greater during 15 eupnea than during apnea when animals are breathing episodically, and these atrial 16 arrhythmias are eliminated by bilateral vagotomy (14, 25, 26), indicating that the 17 arrhythmias in entrance phase of hibernation are associated with an activation of 18 autonomic nerves. In the present study, we tried to detect damage of the myocardium 19 and/or conducting system by using ECG. For this purpose, it is preferable to use 20 experimental conditions in which autonomic influences are minimized. We therefore 21 chose the deeply hibernating stage rather than the initial stage of hibernation.1 atrioventricular block, in the hamsters in which hypothermia was forcibly induced (Fig.  2   2A, B) . In addition, an abnormal ECG wave, J-wave, was obvious in the forced 3 hypothermia (Fig. 2) . J-wave is a wave located at the point of the end of the QRS 4 complex and occupying the initial part of the ST segment (13). This ectopic wave is 5 typically described in hypothermia in non-hibernating mammals (4, 29). The origin of 6 the J-wave during hypothermia has been attributed to injury current, delayed ventricular 7 depolarization and early repolarization, tissue anoxia and acidosis (4). Possible 8 harmful effects of pentobarbital under the extreme hypothermic condition, if any, may 9 not be a major cause for the appearance of the J-wave as well as conduction block, since 10 injection of pentobarbital to the hibernating hamsters had no effect on the ECG (Fig. 4) . There was no sign of hypoxia in gross observation of the color of skin and 19 mucosa in all hypothermic conditions used in the present study, suggesting the absence 20 of severe hypoxia. However, we cannot totally exclude possible involvement of 21 hypoxia, in addition to hypothermia, in the incidence of the abnormal ECG in the forcedhypothermia. Further study is needed to clarify the factors that cause ECG 1
abnormalities. 2
A comprehensive analysis of mRNAs before and during hibernation in the 3 thirteen-lined ground squirrel revealed that about 50 genes are differentially regulated in 4 the heart (3). Several of the differentially expressed genes encode proteins that likely 5 play a role in altering contractility and Ca 2+ handling in the heart of the hibernating 6 animal. Furthermore, gap junctional protein connexin 43, which is associated with 7 potential propagation, is upregulated in the heart of hibernating hamsters (31). These 8 differential gene expressions may provide an explanation for the cold-resistant property 9 of the hibernators. It can therefore be speculated that lack of some changes in 10 molecular expression or inadequate regulation of these molecules is involved in the 11 occurrence of abnormal ECGs during the forcibly induced extreme hypothermia. It 12 should be noted, however, that gene expressions during the acclimatization period prior 13 to hibernation do not have a crucial effect at least on acquisition of cardiac resistance to 14 low body temperature, because hamsters that were expected to be ready for entering 15 hibernation, as well as hamsters that had already experienced hibernation, showed 16 abnormal ECGs when extreme hypothermia was forcibly induced by pentobarbital and 17 cooling (Fig. 3) . Hibernators probably possess mechanisms for maintenance of 18 coordinated cardiac function during hibernation in nature, and the mechanisms would 19 be triggered during the initiation of hibernation. Recently, it has been demonstrated 20 that local autocrine and paracrine factors are released within the heart in response to 21 ischemia and protect the heart during ischemia-reperfusion injury (24). The release ofsuch protective factors within the heart would be a candidate for the mechanism that 1 operates at an early stage of hibernation. 2
It has been demonstrated that adenosine A1-receptor-mediated signals play a 3 role in the induction of hibernation (35). We therefore thought it would be interesting 4 to determine whether stimulation of the adenosine A1-receptor-mediated pathway in the 5 brain before inducing hypothermia prevents the abnormality in the ECG. Cooling of 6 the hamster after central administration of the receptor agonist CHA reduced body 7 temperature, confirming the involvement of the adenosine A1-receptor mediated 8 pathway in the induction of hibernation. Under this hypothermic condition, J-wave 9
was not observed (Fig. 5) . The dose of CHA used in the present study is expected to 10 be specific for the adenosine A1-receptor in rodents (21). Therefore, it can be assumed 11 that the signals mediated by the adenosine A1-receptor trigger the mechanisms for 12 maintenance of coordinated cardiac pulsatility during hibernation. It should be noted, 13
however, that the present study does not necessarily rule out the possible involvement of 14 other types of receptors. The involvement of receptors such as adenosine A2-receptor 15 remains to be examined. It has been reported that adenosine in the nucleus of the 16 solitary tract, a primary integrative center for cardiovascular reflex, plays a role in 17 modulating arterial pressure, heart rate and vascular conductance by tuning activity of 18 the sympathetic and parasympathetic systems. (32, 36) These comprehensive effects 19 of adenosine on cardiovascular function may be one of the mechanisms of the 20 cardioprotective effects during hibernation. Further studies are needed to elucidate the 21 precise mechanisms of the adenosine-mediated cardiac protective actions. It isnoteworthy that the hamster in which hypothermia was induced by CHA was not 1 exposed to a cold and darkened environment at all. This provides further evidence 2 supporting the notion that acclimatization prior to hibernation is not necessary to 3 maintain cardiac pulsatility at least in an early stage of hypothermia. 4
Most of the hamsters in which hypothermia was induced by anesthetics and 5 cooling did not survive even though their body temperature had recovered by warming. 6
Arousal was observed in rare cases, but the J-wave was still present in their ECG. 7
These results indicate that extreme hypothermia irreversibly injures the heart in 8 hibernators as in non-hibernators. Considering the fact that there was no abnormal 9 ECG after recovery from natural hibernation, it is likely that some defense mechanisms 10 operate in the entire process of hibernation. The precise mechanisms responsible for 11 protection of the heart remain to be clarifed. 12 13
Perspectives and significance 14
The present results indicate that cold tolerance of the heart in the hibernating 15 hamster is not totally dependent on the adaptive changes that occur during 16 acclimatization but is supported by mechanisms that operate during the entry to 17 After the injection, the hamsters were cooled and ECG was recorded when the body 16 temperature had dropped to less than 10 ºC. Note that there was no sing of conduction 17 block or J-wave. Similar results were obtained in six independent experiments. 18 Values are means ± SD. n, number of hamsters. * Significantly different from the value of active control, P<0.01. † Data obtained from an animal that showed atrioventricular block was not included and value was calculated as n = 5. ND: Value was not determined because of the high incidence of atrioventricular block. 
